Strong enhancement of Ge direct transition by biaxial-tensile strain was observed. The reduction in band gap difference between the direct and indirect valleys by biaxial tensile strain increases the electron population in the direct valley, and enhances the direct transition. The band gap reduction in the direct and indirect valleys can be extracted from the photoluminescence spectra and is consistent with the calculations using k · p and deformation potential methods for conduction bands and valence bands, respectively.
One of the most attractive areas of research in group IV semiconductors is seeking the possibility of optoelectronic applications using indirect band gap materials.
1-4 Germanium is expected to be the possible candidate due to its high carrier mobility, strong photon absorption, and Si compatibility. Recently, many methods are reported to enhance direct radiative transition from Ge, including the high doping concentration, the elevated temperature, high pumping power, and epitaxial strain [5] [6] [7] [8] [9] originated from thermal expansion. However, the reported strain was originated from the misfit of thermal expansion coefficients between the epitaxial Ge layer and the Si substrate during the cooling process and the control of such epitaxial strain was not technologically convenient. In this work, mechanical strain is applied to enhance direct transition as compared to indirect transition from Ge, and both the direct and indirect band gap reductions by strain can be extracted from the photoluminescence ͑PL͒ spectra.
The n-type Sb-doped Ge ͑100͒ substrate was used in this study. The pumping laser of PL has the wavelength of 671 nm and the power of 360 mW. The InGaAs detector has the detection window from 1.4 to 2.1 m to cover the emissions for both direct and indirect transitions. Note that the absorption length of Ge at the wavelength of 671 nm is ϳ110 nm. The experimental setup for PL measurement and the mechanism to apply external mechanical strain were reported previously in Ref. 10 . The Raman spectroscopy was used to determine the amount of strain applied on Ge.
The PL spectra of the bulk ͑100͒ Ge with different resistivity shows different characteristics at 0.78 eV for the direct transition ͑Fig. 1͒. The Ge with low resistivity ͑0.005-0.02 ⍀ cm͒ shows more significant direct band transition as compared to the Ge with high resistivity ͑1-10 ⍀ cm͒. For bulk Ge and Ge-on-insulator, the PL intensity of direct transition increases with the donor concentration was reported in Ref. 11 . The electrons were pumped from valence bands to the conduction band near the ⌫ valley, and then, relaxed to the conduction band edge at the ⌫ valley as well as at L valleys by scattering. 5 The electrons in the direct ͑⌫͒ and indirect ͑L͒ valleys recombine with holes in the valence bands and emit the infrared with the energy around 0.78 eV and 0.7 eV, respectively ͑Fig. 1͒. The Ge with higher electron concentration moves the electron Fermi energy closer to the conduction band edge under the same pumping power. Due to the Fermi-Dirac distribution, the upshift in electron Fermi level increases the relative electron concentration at the ⌫ valley with respect to L valleys. Therefore, low-resistivity Ge has stronger direct transition than high-resistivity Ge.
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Under the laser excitation, most of the electrons are pumped into the indirect valleys with lower energy following the Fermi distribution. In order to have a sufficient number of electrons in the direct valley of the conduction band, the external biaxial tensile strain is introduced. The band structure of relaxed Ge and biaxial tensile strained Ge are schematically shown in Fig. 2 . The relaxed Ge has a 660 meV indirect band gap at the L valleys and a 800 meV direct band gap at the ⌫ valley at room temperature. 7 The indirect band gap of Ge is smaller than the direct gap by only 140 meV ͓Fig. 2͑a͔͒. By applying biaxial tensile strain, the conduction band in ⌫ valley moves downward with respect to the vacuum level, and the valence band splits into heavy hole a͒ Author to whom correspondence should be addressed. Electronic mail: chee@cc.ee.ntu.edu.tw.
FIG. 1. ͑Color online͒ The PL spectra of the n-type bulk Ge ͑100͒ with different resistivity. The direct transition from the ⌫ valley is more significant in Ge with lower resistivity.
͑HH͒
shows the L valleys move downwards in energy, while Ref. 13 shows the opposite trend. The tensile strain shrinks the direct band gap more than the indirect band gap 12 and increases the electron population in the direct valley under the same pumping power. Figures 3͑a͒ and 3͑b͒ show the PL enhancement of the direct band gap transition from n-type bulk Ge ͑100͒ with biaxial tensile strain at room temperature. The direct band gap transition becomes more and more significant by increasing the biaxial tensile strain up to 0.37%. Further strain broke the Ge sample in our mechanical setup. The redshift in the PL spectra under mechanical tensile strain reflects the band gap shrinkage, similar to the results of metal-oxidesemiconductor light-emitting diodes.
14 There are two factors to enhance the direct band gap transition by applying biaxial tensile strain. First, more electrons transfer from L valleys to ⌫ valley due to the reduction in band gap difference between the direct band and the indirect bands. Second, the band gap reduction due to tensile strain enhances the absorption 7 of the injected photons, and increases electron carrier density which shifts the electron Fermi level upwards.
In Fig. 4 , the PL spectrum of the Ge under 0.12% biaxial tensile strain can be fitted by theoretical models. Both the electron-hole plasma recombination model 14 and the direct band gap recombination model 11 are used to fit the experimental data. The introduction of a high concentration of doping or impurity will cause a perturbation of the band structure. 6 The parabolic distribution of the states will be disturbed and prolonged by a tail extending into the energy gap. Due to the tail in the band gap, the experimental PL from Ge direct transition extends a little more into longer wavelengths compared to what was predicted by band-toband transition model. Therefore, the band tail of exponential absorption edge 15 was interpreted as reflecting tails of states into the energy gap. It is also taken into account in the direct band gap recombination model. Because the strain-induced splits at the valence bands, the PL spectra has the combination of multitransitions-L valleys to LH band, L valleys to HH band, ⌫ valley to LH band, and ⌫ valley to HH band. Figure 5͑a͒ shows the band gap reduction in theoretical calculation and the extracted data. The deformation potential and 6 ϫ 6 k · p methods are used to calculate the conduction band and the valence band, respectively. 16, 17 Theoretical calculation shows the band gap reduction of 55 meV for direct transition at the strain of 0.37% using the calculation param- eters in Refs. 12, 13, and 18. The band gap reduction in indirect transition is also shown in Fig. 5͑a͒ using the parameters in Refs. 12 and 13. The experimental error bars are determined by the line width of Raman spectra and the fitting variation in our transition models. Figure 5͑b͒ shows the intensity ratio of direct to indirect transition as a function of biaxial strain. Due to the reduction in the band gap difference between direct and indirect valleys, the intensity ratio of direct to indirect transition is enhanced by ϳ1.8 times at 0.37% biaxial tensile strain.
The strain can be an extra factor to enhance the direct transition of Ge. From our PL data, the enhancement can be up to ϳ1.8 times with 0.37% strain. Theoretically, Ge can become direct gap material at ϳ2% tensile strain according to the deformation potential calculation. 12 The progressive improvement of the radiative recombination makes it possible to have Ge-based light emitting devices and chip-tochip optical interconnect for practical applications. 
